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Abstract
Management of transient heat deposition in superconducting magnets and its extraction from the aforementioned is becoming
increasingly important to bring high energy particle accelerator performance to higher beam energies and intensities. Precise
knowledge of transient heat deposition phenomena in the magnet cables will permit to push the operation of these magnets as close
as possible to their current sharing limit, without unduly provoking magnet quenches. With the prospect of operating the Large
Hadron Collider at CERN at higher beam energies and intensities an investigation into the response to transient heat loads of LHC
magnets, operating in pressurized superfluid helium, is being performed. The more frequently used approach mimics the cable
geometry by resistive wires and uses Joule-heating to deposit energy. Instead, to approximate as closely as possible the real magnet
conditions, a novel method for depositing heat in cable stacks made out of superconducting magnet-cables has been developed.
The goal is to measure the temperature difference as a function of time between the cable stack and the superfluid helium bath
depending on heat load and heat pulse length. The heat generation in the superconducting cable and precise measurement of small
temperature differences are major challenges. The functional principle and experimental set-up are presented together with proof
of principle measurements.
c© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
During the operation of accelerators containing superconducting magnets one aims to prevent the magnets from
quenching. This is necessary for the optimization of the machine availability and to limit magnet degradation. The
reasons for a quench can be numerous. Quenches can be triggered by micro movements in the superconductor or by
deposited heat coming from varying sources in the superconductor. Micro movements in the superconductors can be
reduced by careful manufacturing of the magnets, whereas the deposited heat can result from different sources during
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the operation of the accelerator. Heat deposits can be distinguished by the time span in which they occur. Arbitrarily
one can define steady-state heat loads as loads occurring during time spans longer than 20 s and transient heat loads,
as loads having a duration shorter than 20 s. Transient heat loads occur for a limited time only and can happen at every
moment during the operation. Also steady-state losses can trigger a quench but this is out of the scope of this work.
This paper focuses on transient heat loads and the thermal response of superconducting cable stacks to the latter.
Ever since the first superconducting magnets were built one limitation of the performance of magnets was the
available cooling power. Deeper understanding of the magnet cooling enables a much more precise control of the
magnet and determines when it has to be shut down for its protection. In the years leading to the construction of the
LHC the thermal link between the superconducting cable and the superfluid helium bath has been extensively studied.
Gosh et al. (1999) investigated the minimum quench energy level on single strands. They used small spot heaters to
heat up the cable during their measurements. The heat transfer through the electrical insulation of the superconducting
cable was investigated by Meuris et al. (1999). They used samples consisting of a stack of steel plates with a machined
surface to imitate the structure of the superconducting rutherford cable. By varying the cable insulation the steady
state heat transfer was characterized to optimize the heat transfer whilst simultaneously maintaining a high electrical
insulation. In a study undertaken by Granieri et al. (2010) the sample consisted of a stack of a copper nickel cable.
Here the steady state heat transfer for the so called enhanced insulation scheme for the High-Luminosity upgrade of
the LHC was studied. Granieri et al. (2014) determined steady state quench limits for the two superconductors NbTi
and Nb3Sn and for different cable insulations. These two materials are the currently most important materials used
in the LHC and for the HL-LHC upgrade, respectively. The authors stress that the transient heat transfer needs to be
investigated as it is relevant for the machine operation. The transient heat transfer has also been simulated, for example
by Bottura et al. (2006). In this simulation the heat transfer was modeled using a 1-D model and a 0-D model. The
most important difference between the two models is the disregard of the longitudinal heat and mass transport in the
0-D model. The results show that the helium enthalpy in the cable voids can by no means be neglected and also the
heat transfer between the cable and the helium in voids plays a very significant role. The authors also recommend a
further investigation into the transient heat transfer to further qualify the available models.
2. Functional principle
Heat transfer can be investigated using different geometries. Some being geometrically simpler and aiming to draw
conclusion in a broader sense. These results widen the understanding of heat transfer but can seldom be transferred
directly to a magnet geometry. In order to increase the understanding of the heat transfer in magnets a more complex
geometry has to be used. A rutherford cable has such a complex geometry. To approach the magnet geometry even
closer a stack of rutherford cables can be used. In the presented method such a stack is used to determine the thermal
link between the cable and the bath.
A typical approach for generating heat inside a cable stack is the use of the Joule effect of resistive material. For
that reason the whole superconducting cable is replaced by a mock-up cable fabricated out of a non superconducting
material such as copper-nickel or stainless steel. In other experiments the heating is achieved by placing a resistive
heating element inside the cable stack. This can be a foil heater or a local spot heater. No matter which technique is
chosen the geometry is altered or a mock-up cable has to be fabricated. Both methods result in considerable effort and
modification of the original cable stack. With the method described in this paper only the temperature instrumentation
is required to be inside the cable stack. No further modification is necessary thus rendering a measurement as close to
reality as possible.
The presented method relies on the use of an external AC magnetic field to generate the heat pulse. The AC
magnetic field induces currents in the superconducting cable, which then in turn create thermal losses in the cable
through coupling to different loss mechanisms in the superconducting cable for example through the interstrand and
the interfilament resistances. Depending on the frequency of the AC magnetic field a different heating mechanism
dominates. These thermal losses are created directly in the cable and no heat transfer from a heater to the cable has
to be established beforehand. A direct measurement of heat transfer between superconducting cables and the cooling
bath is possible.
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Fig. 1. On the left side the cable and its instrumentation is shown. The cernoxR© bare chip sensor is visible in the center of the cable with the black
cabling going out of the cable to the bottom left. On the right side the cable stack in the cylindrical sample holder is shown. It is mounted in the
center of the magnet which is indicated in the background. A temperature sensor for the bath temperature is shown on the bottom right.
3. Experimental set-up
A superconducting solenoidal magnet is used to create an AC magnetic field. The inductance of the magnet is 0.5
H and it creates a 4 T magnetic field at 400 A. For this experiment the magnet is powered with 230 V 50 Hz alternating
current. The powering of the magnet is controlled by a relay. The current and therefore the magnetic field strength
can be varied by mounting different resistances in series with the magnet. The sample is placed in the center of the
magnet where it is exposed to the highest field gradients.
Different bath temperatures can be set by using a pressure controller to regulate the bath pressure while pumping
the cryostat to the respective saturation condition.
The sample is a stack of superconducting cables. The cables are insulated individually with kapton R© tapes in the
same way as the LHC superconducting cable is insulated. To gain information on the temperature development one
cable in the stack is instrumented with cernox R© bare chip sensors. These sensors are chosen for their small dimensions
and robust physical properties. One strand of the cable is taken out until the center axis of the cable. It is then replaced
by the instrumentation wiring which has the same diameter as the strand. After placing the bare chip cernox R© in the
created opening (see Fig. 1 left) the cable is insulated with kapton R© tape. In the second picture in Fig. 1 the cable stack
can be seen as it is mounted in the cylindrically shaped sample holder in the center of the picture. The sample holder
is designed out of a non-metallic material designed to provide a homogeneous pressure distribution along the whole
sample length. The sample holder is already placed in the center of the magnet which is indicated in the background.
4. Experimental verification
A typical measurement result can be seen in Fig.2. For this measurement the magnet was powered without any
additional resistance in series and the full 230 V AC 50 Hz is applied to the magnet. The heat pulse duration is 180
s. This is done to reach steady-state conditions which enables the calculation of the amount of deposited heat as seen
later. The measured temperature course in the cable indicates that a relaxation process is taking place.
The data can therefore be approached by the following function:
T (t) = T0 · exp(−t/τ) + (1 − exp(−t/τ)) · Teq (1)
with
τ = (cp · ρ)/(k · A)
ρ = ρcable · (1 − ) + ρHe ·  (2)
In equation (1) T (t) denotes the temperature at the time t, T0 the sample temperature in thermal equilibrium with the
bath at the start of the experiment, Teq the sample temperature in steady-state conditions during the experiment and
τ the characteristic time marking the transition to steady-state heat transfer. In the equations (2) τ characterizes the
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Fig. 2. A typical measurement result. The heat pulse duration for this example was 180 s. The maximum temperature increase is 0.52 K at steady
state conditions. The bath temperature was kept constant during the measurement at 2.18 K slightly above Tλ.
connection between transient heat transfer and steady-state heat transfer. cp is the specific heat of the helium in the
cable voids. This approximation is justified as the contribution of the cable to the specific heat can be neglected since
the specific heat of the helium is orders of magnitude larger. ρ denotes the density and can be calculated from the
densities ρcable and ρHe of the superconducting cable and the helium respectively. The densities have to be weighted
by the volume fraction  of the voids in the cable as shown in equation (2). k represents the global heat transfer
coefficient between the cable and the bath taking into account direct heat transfer between the helium in the cable
voids and the bath but also the heat transferred through the insulation. A is the volume specific surface of the cable.
Using this model the experiments are fitted and a value for τ between 9.4 s and 10 s is found for both the warm up
curve as well as for the cool down curve.
For the heat transfer the amount of deposited heat is the most important parameter determining in which heat
transfer regime the heat transfer is taking place. In order to approximate the amount of deposited heat the steady state
temperature difference between cable stack and helium bath and the calculated characteristic time are used:
Q = (Teq − T0) · (cp · ρ)/τ (3)
With the help of equation (3) the deposited heat Q is calculated to be 36 mW cm-3.
5. Conclusions
By using an AC magnetic field heat can be deposited in a superconducting cable. The steady-state temperature
difference then allows to draw conclusions on the amount of deposited heat. The presented measurement result
demonstrates that with this method a measurement of the thermal link between superconducting cable and the bath
is possible. Furthermore it enables measurements under conditions as close as possible to reality as it is present in a
magnet. A cable sample directly from the production can be used and after instrumentation with temperature sensors
the thermal link between cable and bath can be determined in steady-state conditions as well as in transient conditions.
With the used set-up and a sample made from a kapton R© insulated LHC dipole superconducting cable the amount of
deposited heat is 36 mW cm-3. According to simulations done by Verweij (2012) this puts the accessible measurement
range close to the calculated steady-state losses of 50 mW cm-3.
The focus on the further development is given to the improvement of the kapton R© insulated sample since the
insulation quality has a very big influence on the heat transfer. The used sample were all hand wrapped and therefore
only mimic the insulation as used in the LHC. Machine insulated samples will be used in future measurements.
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Furthermore a detailed study of the transient heat transfer between superconducting cable and helium bath and
the identification of the influence of different parameters such as specific heat and the heat transfer coefficient, for
different time scales is planned.
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